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RESEARCHMEMORANDUM

A Lm

Theresults

PRIESURECOEFFICIENTMD M l!STR4ATIONOFLIMIT

FCEKZSONAIRFOILSAT S%WRSONICSPEEDS

By JohnP.Mayer

ofan estimationof thelimitforcesonairfoilsat
aqersonlcspeedsarepresente&.Thevalueof themaximumliftcoef-
fi.cientobtainedfromthisest~tion decreasedfromabout1.13to 0.96
in a Machnmuberrangefrom1.4to3.0. Computedvaluesof theforces
on two-dimensionalwingsarein goodagreementwiththree-dimensional

—

wind-tunneldataat l&@ anglesofattackwheredetachedshockwaves
arepresent.

—-=

Thelimitpressurecoefficientattainableonanairfoilis shown
tobe equaltoaboutTOpercentof thepressurecoefficientfora
vacum overa tiderangeofMachnum%ers.
_sis ofa large#ount of experimental

Practicalimplicationsof themaximum
sonicspeedsaregivenas load-factorMch

INTRODUCTION

In thedesi@ of supersonicairplanes

Thisresultisbasedonthe ..
data.

liftcoefficientsat super-
nutnberboundaries.

andguidedmissilesa
knowledgeof themaximumloadsthatmightbe imposedisrequired.
Therehasbeena @restdealof investigationof theaerodynamic
characteristicsofairfoilsandwingsin supersonicflowat lowan~es
ofattackwhereshockwavesareattached.However,thereisonlya
limitedsmountof informationavailableforthecasewhereshockwaves
aredetachedfromtheairfoilaswouldnormallyoccurathighan@.es
ofattack.!15eproblemof thedetachedshock~ve has%eentreated
theoreticallyinreference1 forsymmetricalbodiesat zeroan@e of

1-

attackwhilereference2 givesresultsof supersonicwind-tunneltests
ofa varietyofwin& whichextendtoanglesandspeedsbeyondthe
pointof shockdetachment.

Sincethemsximumloadsthatcanl? imposedonaircraftat super-
sonicspeedsnmybe associatedwithhighangle-of-attackconditions

-.—

whereshockwavessredetachedfromthenoseof theairfoil,a brief
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studywasinftiateii to derive a method by whichthe~um lfitsand
limitpressuresattainableonanairfoilin supersonicflowcouldbe
estimated.A limitpressurecoefficienthasbeenestablishedfrom
thecompilat~onofa lsrgeamountof experimen~ldataw maximum
negativepressures- theempiricallimitpressmecurveispresented.--
Thepresentpaperpresentstheresultsofa simplifiedfiethodfor
obtaininglimitforceson two-dimensionalwin@ at supersonicspeeds
andcompsriscmsaremadewithexistingexperimentaldata.
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SYMBOLS .—

l-l

c

cc

c%
cl

%
d

1

M

n

P

P

q

s

t

t/c

v

w

x

aspectratio -..——

section

section

section

section

section

section

section

chord

chord-forcecoefficient(Chordforce/qc)_.

pressuredragcoefficient(Press~e&ag/qc)
.—

liftcoefficient(Lift/qc) “’

normal-forcecoefficient(Normalforce/qc)

drag .—

lift G. —.

.- —

“—.
——

.

Machnumber ——

.— —had factor
—

—Astaticpressure ., .-—

()P - l?o
pressurecoefficient—

qo

_ic pressureQ$
%

wingarea

msximumairfoilthickness

thicknessratio

streamvelocity

airplaneweight

lo~gitudinalti_stancealongchord
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a

Y

e

P

$

RhfNo. L&F23

lateraldistance

angleofa{tack

fromchord “-

ratioof specificheatstakenas 1.@ (cp/cv)

anglebetweenshockwavemd free-streamdirection

streamdensity

anglebstweenairfoilsurfaceandfree-streamdirection

Subscripts:

1

D

L

m

o

u

locslMachnumberof 1.0

shockdetachment

limit

maximum

freestreem

ultimateorvacuum

LIMITNKM.TIVEPRISSURECOEFFICIENT

Althoughtheabsolutelimitto theminimumpressureattainableon
an airfoilisanabsolutevacum,

..-
experimentshaveindicatedthatthere

issomehi@er physicallimittothevalueobtainable.Various
investigatorshavesoughta valueof thelimitpressureforsometime.
Reference3 presentsonesuchlimit-pressure-coefficientcurve03tained
fromlimitedflighttestdataandcertaintheoreticalconsiderations.
Otherlimit-pressure-coefficientcurveshavebeenusedandtheyhave
usuallybeeneqressedas constantlocalMachnumbers,constantpressure
ratios,orfairedcurvesof experimentaldata.

Overa periodof severalyears,a lsrgeamountofflightand
wind-tunnelexperimentaldataonmaximwnn9gativepressurecoefficients
attainableonvariousaerodynamicbodieshasbeencollectedandan
envelopeor limit-pressurecurvehasbeenestablished.Thiscurveof
limitne~tivepressurecoefficient~ ispresentedas thedashline
infigure1. Thetestpointsshownon thelimitcurvearethemaximum
valuesofne~tivepressurecoefficientobtainedat eachMachnumber,
andthecurverepresentstheenvelopeofhundredsof testpoints.No
attempthasbeenmadetoreferencetheexperimentalpoinisbecauseof

.-

i
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the,many sources used.Fromthese..datatheequationof thelimitcurve
wasfoundtobe ~-

For
%e shown
ultimate

. .
PLM02= ‘1- , (1) .. =

thelimitpressurecoefficientgivenby equation(1)itcsn
thattheratioofthelimltpressurecoefficientto the

.—

~ f~equal‘a 7
orvacuumpressurecoefficient

%
/2. —

Also,theratioofthelimitstaticpressuretothefree-streamstatic -.
% Z Thus,theempirictipressure

—
pressure~ isequalto 1 - p. —

coefficient-Gltainedcorrespondsto70percentoftiePress~ecoefflcie.@. __ _
fora vacuumor toa staticpressureratioof0.30.

M&XIMUMFOSITIVXPRESS@ECOEFFICIENT .
—

Themethodforcomputingthelmt forces;- thereforethe~~~.
loadsat supersonic speedsusedinthepresent;~ayeris””~sedon ~$e
limitnegativepressurecoefficientjustobtained(equation(l))and
themaximumpositivepressurecoefficientbehipda normalshockwave.
Themaximumpossiblepositivepressureiseq@ to thetotalhead.
h supersonicflowthemaxtimpositivepress~ecoeffic~entforthis “.
conditionbehind.a norrmlshockis

Pm = —~

[2
[ -(7-lJW@M:]!l] (p)

7+1

$TM02 27%

Themaximumpositivepressurecoefficient:behinda.normalshock
waveis showninfigure1 by thepertofthelinedesignatedP- above
a Machnumberof1.0.
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Inadditionto thelimitpressurecoefficientandthemaximum
positivepressurecoefficientforsupersonicflow,cer~ino~er quantities .
suchas the-- positivepressurecoeffic@ntforsubsonicflow Pm, ““”
thepressurecoefficientfora vacuum~, ttipressur<”coefficientfo~ ““-
localsonicvelocityPI, andthepressurec@fficient-forshock
detachment~ areshowninfigure1 as a qat}erof interest.The
equationsfromwhichthesequantitieswereob-@inedsre=~sted-in
theappendix.
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LIMITFCEWECOEFFICIENTSAT SWERSONICSPEEDS

Methodofestimatinglimitforces.-Themaximumemdlimitpressure
coefficientsdevelopedpreviouslyareused.to estimatethelimitforces —-
oaan airfoilin supersonicflow. If it isassumedasa firstapproxi-
mationthat,at highan@ee ofattack,theshockisnormalinfront
ofthewing,thatthepressurecoefficientsat everypointon the
uppersurfaceof theairfoilhavereachedthelimitnegative~ressure
coefficient,andthattieaveragenormalforceon thelowersurface
isproportionaltotheprojectedsurfaceperpendiculartothefree-
stram direction,thefollowingequationsareobtained:

--

(3)

(4)

c1 = CnL Cosa -
L ccL sina (5)

Cd=c
%

nL sina + ccL Cosa (6)

Forthinairfoils,theseequationsmaybe givenas:

cnL=P~+-sinal- PL (7)

CIL=Pmaxsin a cosa -PLcosa (8)

~d =P
%

- 9in2a - ~ sina (9)

The.maximmmliftcoefficientmaybefoundby differentiating
theequationforthelimitliftcoefficient(equation(8))withrespect
tothean@.eofattackandequatingtmzero.Themaximumliftcoefficient”
obtaineias a resultof thisdifferentiationis
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andwhere PL
—.

andT- arethelimitandmsximumyress~ecoefficients_ ..
givenby equations(1)and(2),respectively., .

--
Comparisonswithexyeriment.-A comparisonbetweenthecalculated

limitliftanddragcoefficients?msed.on the:previousamnnnptionsand
theexperimentalvaluesofliftanddragfrm?.thesu~er&onicwind-
tunneltestsofreference2 is showninfigur62. Winiiitunnelresrd-ts
areshownfora rectangularwingwitha circular-arcairfoilsection
atMachnu?ibersof1-.55,1.90,and2.32. It-c%,nbe”seeiithat,althougl”
theequationsfromwhichthecalculatedliftcoefficientswereobtained
arebasedona two-d.tiensional.analysis,theresultsa$reefairlywell
withthethree-d~ensionalwind-tunneldata. It shouldlenotedthat
theMmit coefficientsarebasedonmaximumpressuresbehinda normal
shockwaveandthatatthelowanglesofattackwhereattachedoblique
shockwavesarepresentorwherethepressureson theuppersurface
havenot-reachedthelimitpressurethecalculatedlimitliftcoefficietis-
would~fer fromthemeasuredliftcoefficients.As theangleof
attackisincreasedIt-canbe notedinfigure2 thatthemeasured,lift
coefficientincreasesuntilitreachesthecalculatedliftcoefficient

e andthenfollowsthecalculatedliftcoefficientto theextentof the

.
_...=

.=

.
.

--
..-

. —
— .

—

testdata. —.
—.

Showninfigure2, in additiontothec~culatedforcecoefficient
athighe@les of attack,arethetheoretical.angleofattackwhere .—

theshockdetachesfromtheleadingedgeof&e airfoi12thetheoretical
.

liftanddragcurvesfortheairfoilup tothepointof shockdetachment,
.——

andthelinearizedthree-dimensionalliftcfiesforthepsr?ticular
.=-...—

rectangularwingstestedinreference2. ~ —-G— -=
In thewind-tunneltestsofthesmallwingmodelsatmaximumlift

at supersonicspeeds,modelswithvarious11.aiformsandairfoilshayes
weretested,.Thetestsshowed.noappr?ciablejdifferenc-inthem.ximw”
liftcoefficientwithwingSXPO. Althou@,@ fi~e Q) coqisws ~ .. :
areshownonQ forrecta.n@krwings,thea~eementis~~quallyas good
fortheotherplanformstested.Theotherwingsteste~”consistedof

-.

triangular,swepthack,andtrapezoidalyl&.nf-ofitith-aspectratios
up to4.o6andhadvariousairfoilsections.~Presented-inffgure3
arecomparisonsoftheexperimentalmaximumliftcoefficientsanddrag
coefficientsatmaximumliftforallof thembdelstest%dfithe
supersonictunnelwithmsximualiftanddrag&oefficientscalculated
fromequations(g)and(10).Itcan36 noted’that, withintheexperime-ntal
errorofthetests,themeasuredandcalculatedmaximuxiliftcoefficient
agreewellwitheachother.Theexperimental,accuracy-ofthemximum
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11.ftcoefficientin thewind-tunneltestswasstatedto beabout~0.05.
Themeasureddragcoefficientsat maximumliftaresomewhathi~er

i thanthecalculatedpressuredragcoefficients.
measuredtotaldragcoefficientswereestimated
hi@, sothecalculateddragwouldbe closerto
totaldrag.

Thewind-tunn;l-
totm from4 to5 percent
thetunnel-corrected

APPLICATIONANDDZ%USS1ON

.

.

.

Presentedinfigure4 arethevariationswith~ch numberof the
maximumlifttogetherwiththenormal-forcecoefficient,thedrag
coefficient,thean@.eofattack,andthelift-dragratioatmxhmm
lift,as calculatedfromequations(7) to (10).It canbe seenthat
tiecalculated=imum liftcoefficientdecreaseswithincreasfigWch ______.
numberapproachinga valueof Ck = o.g2, emdthatthean@e of
attackformaximmliftincreaseswithMachnumber,approachingan
an~e of 45°as theMachnmber increases.Thecomputeddragcoefficient
isapproximatelyconstantatmaxb.mmliftwitha valueofabout0.g2.
Thelift-dragratioandnormsl-forcecoefficientcalculatedatmaximum
liftdecreasewithincreasingMachnuni%er,approachingvaluesof ~ = 1.0
andcn = 1.30, respectively.

Theresultsgiveninfigure4 areforMachnumbersonlyabovean
arbitrarilyselectedvalueof M = 1.4 sinceitisbelievedthatthe
estimatedlimitforcecoefficientswouldnotbe reachedat lowsuper-
sonicMachnwnbersnear1.0. In thisregionthemaximumliftmightbe
dete~ed by flowseparationcharacteristicof subsonicflowconditions.
At thehighersupersonicMachnumbers,however,themaximumliftcoef-
ficientisassociatedwiththerearwsrdinclinationof thenorml-force
vectorat thehighan@es ofattackanddiffersfromthecustomary
breakdownofliftat subsonicspeeds. ---

An applicationof themaximumliftcoefficientat supersonicspeeds
isshowninfigure5 as a normalload-factorMachnumberdiagram.The
loadfactorsgivenarebasedon thenormal-forcecoefficientatmaximum
lift. Althoughthenormal-forcecoefficientisstillincreasingat
maxlmnnnliftandgeaternormalloadfactorscouldhe obtainedbeyond
maximumlift,it isfeltLhattheoccurrenceofmaximumliftimposesa
morepracticallimiton thepossibleloadfactorsattainable.It can
be observedinfigure5 thattheloadfactorsobtainableat supersonic
speedsareveryhigh$especiallyat theloweraltitudes.Althoughthe
highno-l loadfactorsat medim altitudesarebeyondhumanendursmce,
theneedfortheknowledgeof theseloadfactorsis tiportantinthe
structuraldesignof guidedmissileswherethesehighloadfactors
conceivablycouldbereached.

..—
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Theresultsof“asimplifiedmethodofest~ting thelimitforces
ontk.>-dimensionalairfoilsat supersonicsyeO@are-presentedand
fairlygoodagreementisobtainedwithtl&se-d@ensionalwind-tunnel.
dataonwingsathighanglesofattackwhered6tachedsh”ockwavesare
present.Thevalueofthemaximumlift.coefficientobti”inedfromthis
estimtiondecreasedfromaboutl;l~”to~O;$16‘i~a MachntibermnggI
from1.4to 3.0.
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A limitm?essurecoefficientattainableonanairfoilis shown
tobe equalt:aboutTO percentaf thepress~~coeffic~entfor
vacumnovera widerangeofMachnumbers.Thisresulti6based
largeamountof-experimentaldata.
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APPENDIX

9

For

The
shownin

su%sonicflow,themaximumpositivepressurecoefficientis

,E=.@{~+&..%q%} (Al,

maximumyosltivepressurecoefficientforstisonicflowis
figure1 as thepart of thelinedesignatedPm belowa Mach

nuniberof1.0.

.

.

Theultimateorvacuumpressurecoefficientisgivenby theequation

-1
‘u - @02

.—

2

andisshowninfigure1 by a
coefficientrange.

Thesoniccurvegivenin
belowa Machntier of1.0is

ForMach
airfoil,
befound

solidlinein thenegativepressure-

figure1 by thepartofthelinedesignatedP,
definedby

7
l— — I

numbersgreaterthan1.0
thepressurecoefficient
tobe

(2

where
fora

(A3)

shockwavesareattachedto the
localMachnumberof1.0can

4
‘1 = (7 + 1)M02( )

hf# Sin%l -1 (A4)
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where

1
sin2e1= —

{
(7+ 1)M02+

47M02

+

-- -x
.- ..— -

.

(7 - 3)

(7+ 1)17,+1)M04+ 2(7-‘3)M02+ (7+ g)l
—

1

Thiscurveis showninfigure1 by thepartofthe linedesignated
Tl abovea Machnumberof1.0. ‘ .,

Thepressurecoefficientforshockdetachmentis

pD . 4
( )M02sin%~ - 1

(7+1)M02

where

f

r

——

.-.

(A5)

.-.
—

●✎✍

-.

.

+ (7+ 1)[(7+ 1)M04+ 8(7- 1)%2 + 16]
-}

—

Thepressurecoefficientforshockd~” ‘h.uent-isshowninfigure1
by a linedes@natedPD.
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